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A
bstract

T
he

shape
of

the
dynam

ically
balanced

first
w

allhas
been

calculated.
T

he
w

allstructure
includes:

a)

$

1
cm

thick
intense

plasm
a

facing
lithium

stream
s

driven
by

m
agnetic

propulsion,
b)$

1
m

m
thick

patchy
separation

guide
w

all,
c)

B
e

w
ire

ropes
balancing

the
structure

(total
m

axim
um

thickness
of

the
set$

1
cm

),
d)$

1
m

m
patchy

second
separation

layer,
and

e)$

10-15
cm

thick
Z

inkle-N
elson

F
LiB

e
blanket.

W
hile

the
existing

design
approaches

to
the

reactor
essentially

m
im

ic
the

large
plasm

a

experim
ents

and
failto

satisfy
allbasic

requirem
ents

ofthe
reactor

physics
and

cost,the
presented

first

w
allstructure

is
the

firstconceptualdesign
w

hich
is

consistentw
ith

the
high

neutron
flux,efficientpow

er

extraction
as

w
ellas

w
ith

high
perform

ance
plasm

a
regim

es.

S
upporting

m
aterialfor

the
talk

can
be

found
on

the
w

eb-page
http://w

3.pppl.gov/~zakharov
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T
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er
reactors
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2.N
ew

plasm
a

physics
regim

e
and

the
LiW

alls
con-

cept.

3.Yacht-sailapproach
for

the
firstw

all.

4.F
orce

balance
and

the
shape

ofthe
firstw

all.

5.S
um

m
ary.
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1
B

asics
ofthe

tokam
ak

pow
er

reactors
design

In
designing

the
pow

er
reactor

there
is

a
very

little
room

for
m

aneuver.

T
he

m
ostim

portantcharacteristics,such
as

%

plasm
a

regim
e,i.e.&

,'(

,

%

size
and

range
ofthe

totalpow
er,

%

low
recycling

plasm
a

edge
regim

e
and

pow
erextraction

schem
e

from
the

plasm
a,

are
predeterm

ines
by

the
very

basic
leveloftokam

ak
reactor

physics.

In
addition,basic

requirem
ents

for
the

neutron
zone

predeterm
ine

%

a
F

LiB
e

based
pow

er
extraction

schem
e

from
the

blanket

w
ith

m
inim

aluse
ofhigh-Z

m
aterials.
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1
B

asics
ofthe

tokam
ak

pow
er

reactors
design

(cont.)

Ignition
criterion

is
a

fusion
specific

requirem
entforthe

reactoroperation

) *+ *'( , - *./10�
2334 .m 5

*keV *sec 6778 9

: .9.;

S
ubstitution

) *+ <= 0
*& *.9>
- *./ 0�

: .9>
;

converts
itinto

a
suitable

form
= 0
*& *'( , ?

@ T 0
*secA

for
the

reactor
design

analysis.
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1
Ignition,pow

er
and

the
costofthe

reactor
(cont.)

P
ow

er
offusion

reactor:

BCDC
[G

W
] <- BE < - F

GIHJKLJ
'(

2334 G
J

sec 6778NM

F
G HJKLJ

[G
J] < O>

P CQRSLJHUT
$ < O>
& = 0T
@ T 0*./ 5

m 5A 9

: .9O;

C
om

bining
w

ith

& = 0'( <?M

: .9?;

the
pow

er
is

sim
ply

BCDC

[G
W

] <- * O>
*& * = 0

>
V W

* T'( 23334 + 0*./ 5

m 5

sec

67778

: .9-;

or

BCDC <O & = 0T'(
<.> T' 0( </ 9X-& 0=ZYT
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1
B

asics
ofthe

tokam
ak

pow
er

reactors
design

(cont.)

Tw
o

sim
ple

butfundam
entalform

ulas

BCDC [G
W

] <.> T' 0( 23334 ./ 5

m 5sec 0
67778 M

& = 0'( <?@ T 0*secA

and
the[ -value

ofelectricity
produced

\ $:^]; BCDC?
*: O/

years; *O_- *>? *: / 9/ ?[`bac d
; *./fe

<./ 9- BCDC?
[ *./fgM

: .9_;

determ
ine

the
strategy

ofthe
pow

er
reactor.

IT
E

R
based

approach
w

ith'( <O 9X
sec

and& </ 9/ >-

is
inconsistent

w
ith

it.
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1
B

asics
ofthe

tokam
ak

pow
er

reactors
design

(cont.)

Low
plasm

a&

is
a

key
unresolved

problem
ofm

agnetic
fusion

In
order

to
fit

the
cost

requirem
ents

for
the

reactor
w

ith BCDC $
?ih
-

G
W%

T
he

plasm
a

volum
e

should
be

cut
by

a
factor

of
2-3

w
ith

respect
to

IT
E

R

%

T
he

energy
confinem

enttim
e

should
be

about. h
.9-

sec.

%&

should
be

enhanced
to

the
levelof15

%
.

A
tthe

sam
e

design,on
the

ignition
stage'(

should
be

enhanced
to

the
levelof? h

-

sec
in

order
satisfy

the
heating

pow
er

requirem
ents

BRj
C $ BE $ .9>

T' 0(k YlmonlClDn 9

: .9X;
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept

W
ithoutnew

plasm
a

regim
e

there
in

no
hope

for
a

fusion
pow

er
reactor.

T
he

logic
ofsuch

a
regim

e
is:

1.T
he

only
w

ay
ofenhancing&

is
to

sw
itch

to
a

w
allstabilized

plasm
a.

2.T
his

is
stillnotsufficient(atleast,for

tokam
aks).

Troyon
criterion

still
lim

its&

atunacceptable
low

level.

3.T
he

only
w

ay
to

bit
it

is
to

sw
itch

to
the

low
recycling

plasm
a

regim
e

w
ith

either

(a)Lithium
plasm

a
facing

renew
able

w
all,or

(b)pum
ping

(rather
thatradiating)

divertor
(a

la
M

ike
K

otschenreuter)

4.Low
recycling

regim
e,

w
hich

is
sensitive

to
the

boundary
conditions,

is
the

only
regim

e
w

ith
controllable'(

,
w

hich,
e.g.,

can
be

kepthigh
atthe

ingnition
phase,and

reduced
atduring

burning.
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

E
ven

w
ith

w
allstabilized

plasm
a

conventionalprofiles
are

lim
ited

in&

Z
 P

lV
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B
alS

t
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

In
low

recycling
plasm

a
is

fueled
by

injection
rather

than
through

the
boundary

S
n, ne [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

D
ensity

profile

P
article source

profile

Li plasma facing wall

Li plasma facing wall

S
E

, T
 [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

T
em

perature profiles

H
eating source profile

  kn

=
 0

n
  k

 >
 0

p [A
rbitrary U

nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

P
ressure

profiles

P
ressure profile has a pedestal

S
E

, T
 [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

   .2

   .4

   .6

   .8

    1

k  =
 0

nn
k   >

 0

T
em

perature profiles

H
eating source profile

D
E

N
S

IT
Y

profile
(left)

is
predeter-

m
ined

by
the

core
fueling.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

ad-

justs
itself

in
order

to
E

LIM
IN

AT
E

the
therm

o-conduction.

P
R

E
S

S
U

R
E

profile
(left)

has
a

jum
p

at
the

plasm
a

bound-

ary.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

elim
inates

the
therm

o-conduction

irrespective
to

the
heat

source

profile.
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

Intense
Listream

s
are

the
key

elem
entofthe

LiW
alls

concept

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

P
lasm

a

%

D
riving

electro-
m

agnetic
pressure

Pprq s
t DuCHRC , .vwx

Pp q s
t lnHRC h
Pp q s
t DuCHRC $ .9- h
Oy vwx

%

F
low

param
eters

T
$ >
/ x
`bz{
|M d
$/ 9/ .x

%
M

agnetic
R

eynolds
num

bers

}��~
V W��dT
$/ 9�M
}0
$/ 9// .-

%
S

tream
are

robustly
stable

due
to

centrifugalforce
��� T 0�

>
,

v
>
� P �JHH )S
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

LiW
alls

open
the

high&

path
to

reactor

Z
P

lV
acR

  1.5
    2

  2.5
    3

   -1

  -.5

    0

   .5

    1

ja/j0=
0.9

β=18.3 %

Z
P

lV
acR

  1.5
    2

  2.5
    3

   -1

  -.5

    0

   .5

    1

ja/j0=
1

β=20.6 %

& <.��

& <>
.�

LiW
alls

high-&

configurations
relevant

to
the

non-recycling
regim

e
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

LiW
alls

lead
to

the
core

second
stability

regim
e

β %
−

lim
its for Li W

all fixed boundary plasm
a

0
.2

.4
.6

.8
1

1.2
0 10 20 30

UNSTABLE

STABLE R
/a=

2.5/1 B
=

5 T

T
F

T
R

 circular cross−
section

κ
=

1.6, 
δ

=
0.3

κ
=

1.6, 
δ

=
0.3

0

0

0

=
2.45

q

q
=

1.45

q
=

1.45

F
IR

E
,

IT
E

R
C

IT
B

P
X

,
T

P
X

,
A

R
IE

S
,

...........

LiW
alls

ja__j0

Non−recycling regime

NSTX

%

no
saw

tooth
oscillations;

%

no
Troyon

lim
it;

%

the
second

stability
core;

&

-
lim

its
for

the
second

stability
regim

e

%
fixed

boundary
plasm

a

%
n=

1,2,3
+

ballooning
m

odes
(D

C
O

N
,P

E
S

T-2,B
A

LLO
N

,E
S

C
)

%
current

density
w

ith
an

edge
pedestal

�� <� J �: � W h
� J; ����� . h

� 0v 0 �����
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2
N

ew
plasm

a
physics

regim
e

and
the

LiW
alls

concept(cont.)

LiW
alls

have
extraordinary

pow
er

extraction
capabilities

W
ith

the
flighttim

ew�oHlm QC $/ 9>
-

sec

� �JHH $O 9-
M

W
/m 0M

: � .?

M
W

/m 0

in
neutrons; M

�+� >
// DM

even
w

ith
no

vortices
in

the
stream

s.

E
.g.,for

a
m

iddle
size

tokam
ak-reactor

� <_ x
M
v <.9_ x
M
B�JHH <?� 0� v� �JHH $ .9O�cM

BCDC <_ 9-�c
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3
Yacht-sailapproach

for
the

firstw
all

T
he

“first
w

all”
(first

10-15
cm

)
is

the
m

ost
challenging

elem
ent

of
the

fusion
reactor

%

surface
absorption

of1/5
ofthe

fusion
pow

er
flux

%

absorbing
m

ostofrem
aining

4/5
ofthe

fusion
pow

er

%

conversion
ofthe

neutron
pow

er
into

the
high-tem

perature
coolant

%

trithium
breeding

%

w
ithstanding

deterioration
ofm

echanicalproperties

%

w
ithstanding

possible
abnorm

al
therm

al
or

electrom
agnetic

plasm
a

events

%

be
consistentw

ith
low

activation
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3
Yacht-sailapproach

for
the

firstw
all(cont.)

Intense
LiS

tream
s

affectthe
very

fundam
entals

ofreactor
desing.

E
lectrodynam

ic
pressure

creates
a

stable
situation

for
the

firstw
all.

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

F
orce balancing

ropes

F
orce balancing

ropes

P
lasm

a
%

G
uide

w
all

w
orks

against
expansion

<�
%

G
uide

w
all

can
be

m
ade

as
a

thin
shell(like

a
car

tire).

%
Inner

surface
is

sealed
by

the
lithium

stream
s

(insensitive
to

cracks) <�

%
V

acuum
barrier

can
be

m
oved

to
the

plasm
a

boundary
(giving

access
to

the
neutron

zone).
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3
Yacht-sailapproach

for
the

firstw
all(cont.)

T
he

firstw
allin

LiW
allconceptconsists

of

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil T
F

C
I

B
tor

Li stream

Li stream

V

H
e atm

osphere

F
irst w

all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

F
eedback stabilization plates

%

G
uide

w
all

for
intense

Li
stream

s
(m

m
’s

in
thickness)

%

F
orce

balancing
B

e
w

ire
ropes

(about1
cm

totalthick-
ness)

%
Z

inkle-N
elson

high-
tem

perature
F

LiB
e

blanket
(about15

cm
in

thickness)
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3
Yacht-sailapproach

for
the

firstw
all(cont.)

A
ctive
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